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MODELING AND ANALYZING ON-CHIP INTERCONNECT 

STRUCTURES 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention is related to circuit design systems and more particularly to 
10 computer aided design (CAD) systems for designing integrated circuits (ICs) operating 
over a wide frequency band and with circuit interconnects that might experience 
transmission line effects. 



Background Description 

15 

[0002] Sets of software programs are well known in the art as computer aided design 
(CAD) tools. Typical CAD tools include automatic layout tools, timing analysis tools, 
logic synthesis tools, and so forth. In addition, a CAD tool may include electromagnetic 
(EM) field solvers (also known as parameter extractors) and circuit simulators for circuit 
20 conductor (intercormect) analysis and design. Integrated circuit (IC) designers have 

found CAD tools invaluable for designing, analyzing and verifying complex ICs and IC 
chip designs, such as microprocessors, microcontrollers, commimications circuits and the 
like. 

[0003] Providing an acceptable wide-band conductor description requires an accurate 
25 description of the particular conductor, e.g., its geometry and construction materials. 

This information may be available to the semiconductor process technologist but usually 
is not passed to the circuit designer. Instead, the circuit designer receives a set of ground 
rules that describes a range of results based on those conductor properties, e.g., 
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capacitance/resistance/inductance per unit length or per unit area. These lump values at 
best provide rule of thumb design guidance and do not lend themselves to accurate wide- 
band electrical circuit characterizations of high-performance electrical interconnect 
structures. 

5 [0004] Designers have used EM field solvers to compute conductor electrical properties, 

such as capacitance and inductance, from conductor geometric and physical 
specifications. Then, the designer can use the EM field solver results in a circuit 
simulator to simulate the transient or AC response, i.e., how the particular circuit devices 
connected by and driving the conductors respond to excitatory input signals. The 
10 excitatory input signals can be modeled to include either or both wanted and unwanted 
input signals, e.g., a driving logical signal such as from another such circuit, and noise 
signals, such as electromagnetic interference from the neighboring conductors and/or 
coupled noise from adjacent lines (cross talk). 

[0005] For circuit signal stability the circuit model must have a valid low frequency or 
1 5 DC response, as well as an acceptable very high frequency transient response, e.g., to 100 
GigaHertz (lOOGHz) and beyond. This complicates circuit design because in addition to 
active element models that are accurate over the expected operating frequency range, 
either the circuit model must somehow accommodate wide-band models for on-chip 
conductors or different conductor models must be employed at each of a number of 
20 points across the frequency spectrum to accommodate the Ml range of conductor 

characteristics. Modeling conductors across this range requires a very-high level of 
expertise in computational models for electromagnetism that even the best IC designers 
do not normally have. See, e.g., Alina Deutsch et al., "On-Chip Wiring Design 
Challenges for Gigahertz Operation," Proceedings of The IEEE, Vol. 89, No. 4, April 
25 2001, pp. 529-555. 
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[0006] Thus, there is a need for electrical circuit conductor descriptions that are valid 
over a very wide range of operating frequencies and in particular there is a need for such 
conductor descriptions in circuit design. 

5 SUMMARY OF THE INVENTION 

[0007] It is a purpose of the invention to facilitate electrical circuit interconnect design 
for optimal circuit performance; 

[0008] It is another purpose of the invention to bridge the gap between semiconductor 
1 0 process information and semiconductor circuit design information; 

[0009] It is yet another purpose of the invention to provide IC designers with the most 
accurate semiconductor process parameter descriptions; 

[0010] It is yet another purpose of the invention to avail integrated circuit (IC) designers 
with the best available expertise and practices of computational electromagnetism for 
1 5 interconnect modeling and analysis. 

[001 1] The present invention relates to a computer aided design (CAD) system. A 
template generation engine generates templates from interconnect configuration files. A 
field solver generates wide band passive element relationships from the templates. A 
circuit builder generates circuit description files from device technology models and from 
20 wide band passive element relationships. A simulator simulates circuit responses for 

transmission line models from the circuit description files. Interconnect configuration 
files may be generated by a geometry and material definition module that receives 
process description data from a designer. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0012] The foregoing and other objects, aspects and advantages will be better understood 
from the following detailed description of a preferred embodiment of the invention with 
reference to the drawings, in which: 

[0013] Figure 1 shows a block diagram of an example of a ftiUy automated computer 
aided design (CAD) system with wide-band characterization of on-chip interconnect 
structures according to a preferred embodiment of the present invention; 

[0014] Figures 2A - B shows an example of screenshots for a graphical user interface 
(GUI) to the back end of the line (BEOL) wiring description file for specifying 
interconnect layer parameter selections; 

[0015] Figures 3A - B show screenshot panel examples for 2D and 3D capacitance 
calculation, respectively; 

[0016] Figures 4A - B show screenshot panel examples for 2D and 3D templates; 

[0017] Figure 4C shows a capacitance calculation screenshot panel example; 

[0018] Figures 5A ~ B show screenshot GUI panel examples for selecting technology 
model inputs to the device technology model and the circuit builder modules; 

[0019] Figures 6A - B show screenshot examples of per-unit-length resistance and 
inductance frequency dependencies; 

[0020] Figure 7 shows a circuit simulator output screenshot example. 
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DESCRIPTION OF PREFERRED EMBODIMENTS 

[0021] Turning now to the drawings and, more particularly, Figure 1 shows a block 
diagram of an example of a fully automated computer aided design (CAD) system 100 
5 with wide-band characterization of on-chip interconnect structures according to a 

preferred embodiment of the present invention. As with any state of the art CAD system, 
a preferred embodiment system runs on a typical state of the art general purpose 
computer, such as for example a main frame computer, a scientific workstation, or a 
suitably equipped personal computer. Similarly, CAD modules may be distributed over a 

10 number of computers, each running one or more design module and the data files, such as 
for example, process parameter data and the like. The data files may be stored locally, 
e.g., on a personal computer, or stored remotely on a server with the process data being 
provided to, and being accessed by, individual modules as required. Further, a general 
purpose computer, main frame computer server, scientific workstation and personal 

1 5 computer are used for example only and not intended as a limitation. A preferred CAD 
system may be in any suitable computer system or collection thereof with sufficient 
capacity and storage for simulating and designing a particular circuit design. 

[0022] Process variation selection is provided in a back end of the line (BEOL) 
description file 102, which may be altered interactively, e.g., through a graphical user 

20 interface (GUI) as displayed on a computer monitor (not shown). A user input file 104 
(e.g., a collection of files, interactively input through the GUI, or both) includes 
interconnect parameter selections in addition to normal circuit topography and operating 
parameters. Device (transistor, junction capacitance and etc.) models are contained 
within a device technology model file 106 and transmission line loads are selected, 

25 defined and modeled in a transmission line macromodel file 108. The BEOL description 

file 102 and user input file 104 are inputs to a geometry and material definition module 
1 10. The geometry and material definition module 1 10 combines selections from the 
BEOL description file 102 and user input file 104 to generate an interconnect 
configuration. A template generation engine 1 12 receives the interconnect configuration 
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from the material definition module 110 and generates individual interconnect definitions 
for a circuit being simulated. A field solver 1 14 generates a transient interconnect model, 
e.g., a three dimensional (3D) interconnect model. A circuit builder 1 16 combines device 
models from device technology model file 106 with the interconnect model to generate a 
5 complete circuit model, e.g., a Spice simulation input file. Transmission line 

macromodels 108 pass through application program interface (API) 1 18 to a simulator 
120. Simulator 120 simulates the complete circuit driving a load provided by the 
transmission line macromodels 108. Simulator results 122 may be provided in a printout 
or displayed at the GUI. 

10 [0023] Figures 2A - B shows an example of GUI screenshots to the BEOL description 
file for specifying interconnect layer parameter selections. The BEOL description file 
defines the BEOL process under consideration and can be shared by designers and 
technologists during process development. Figure 2 A shows a screenshot 130 for 
selecting each of the alternating interconnect wiring (e.g., MCBAR, Ml, M2, M3, M4 

15 M5, M6, MJ, MK, MP) and dielectric/via (e.g., CA, VI, V2, V3, V4 V5, VL, VJ, VK, 
VP) layers for individual parametric definition. Figure 2B shows a screenshot 132 with 
an example of technology parameters, for a selected metal (M2) layer in this example, 
that may be individually specified at each simulation run. In this example, metal line 
characteristics are defined by effective line resistivity and by total line thickness and line 

20 to line parameters, e.g., space, minimum width, signal line width and space, taper angle 
(of the line sidewalls), a line width measure. Line capacitance characteristics include 
dielectric or insulator relative dielectric constant between lines at that level; whether the 
layer is capped and, if so, the cap thickness and the relative dielectric constant of the cap 
material may be specified; whether a hard mask is included above the metal layer (e.g., as 

25 a via etch stop for the next superimposed dielectric layer) may be selected and, if so, its 

relative dielectric constant and thickness defined; whether a reactive ion etch (RIE) is 
being used to etch the next dielectric layer. Of course, signal space and line taper also 
affect capacitance calculations. Similarly, whether a conductor is in the presence of a 
magnetic material or if the conductive material exhibits magnetic properties or other 
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parameters affecting inductance may be provided through another interface panel (not 
shown). 

[0024] Figures 3A - B show screenshots 134, 136 of panel examples for 2D and 3D 
capacitance parameter selection, respectively, with similar parameters selection capability 
5 available for inductance parameters. As can be seen from the 2D example 134, default 

values can be used or values can be individually selected and varied. Also, a variation 
range can be selected for each of the physical or geometric interconnect structure 
parameters. Selectable physical parameters may include dielectric constants and metal 
resistivity. Selectable geometric parameters may include wire width, thickness and wire- 
1 0 to-wire spacing. Similarly, default values can be used or individually varied for the 3D 
example 136 as well. Optionally, metal density (e.g., larger than wires on minimum 
spacing or minimum wires on wider than minimum spacing) in the layers below and 
above the metal layer under consideration may be interactively defined. 

[0025] Figures 4A - B show screenshots 138, 140 of panel examples for 2D and 3D 
1 5 templates, respectively, and Figure 4C shows an example of a capacitance calculation 

results screenshot panel 138. The 2D screenshot 138 shows an example of a 2D template 
configuration calculation generated by the template generation engine (e.g., 1 12 in Figure 
1) for 2D per unit length capacitance and/or inductance calculation. In this 2D example, 
top layer signal lines 144 have power/ground mesh lines 146 on either side as well as 
20 below the signal wires 144. Extending the power/groimd mesh lines 146 in parallel with 
and around the signal lines 144 is necessary for capturing wide-band fi-equency behavior 
of the inductance and, especially, resistance of the signal wires 144. The 3D interconnect 
configuration template, such as the example shown in 3D screenshot 140 and also 
generated by the template generation engine 112, may be used for 3D inductance and 
25 capacitance calculation. Such 3D templates can be combined with 2D templates that 

include multiple dielectric layers and that together provide very accurate capacitance 
calculation with minimal CPU run times. The field solver module 1 14 may apply any 
suitable field solver to 2D and 3D templates, e.g., such as is described in U.S. Patent No. 
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6,418,401 entitled "Efficient Method For Modeling Three-Dimensional Interconnect 
Structures For Frequency-Dependent Crosstalk Simulation" to Dansky et al., assigned to 
the assignee of the present invention and incorporated herein by reference. Thus, the 
template generation engine 112 in combination with a field solver 1 14, such as Dansky et 
5 al., provides a capability that, previously, could only be done by experts in the field, i.e., 
correctly defining the power/ground mesh configuration needed for an accurate 
calculation. As a result, as can be seen from the calculation resuhs in the example 142 of 
Figure 4C, a capacitance matrix may be generated for individual wires with per unit 
capacitance values at each overlying wiring layer (e.g., Ml, M2, M3, M4 M5, M6, MJ, 
10 MK, MP) as well as for terminal layer wires (fat wires). Moreover, 2D broadband R(f) 
and L(f) calculations are efficiently combined with 3D RL calculation at one very high 
frequency to obtain the full wide-band response with very short CPU run times. 

[0026] Figures 5A - B show screenshots 150, 152 of GUI panel examples for selecting 
technology model inputs to, and outputs from, the device technology model and circuit 

1 5 builder modules, e.g., 1 06 and 1 1 6 in Figure 1 . In the first example 1 50, a designer can 
provide device parameters for nonlinear drivers and receivers bounding the interconnect 
structure. Circuit variables, for example, can include connect device widths (e.g., input 
buffer, output driver and load devices), driver beta ratio (i.e., essenfially, the ratio of 
driver pull up and pull down devices) and connect wire length. Optionally, the results 

20 can be compared or run for different technologies for comparing circuit performance in 
those technologies. In the example of GUI screenshot 152, the designer can select 
different interconnect model outputs, as well as both fi-equency dependent and frequency 
independent model options. A typical such data bus model may support a number of data 
bus signal lines, e.g., 12, and provide frequency dependent extraction options 153, e.g., 

25 for 2D capacitance and wideband 2D R(f)L(f) and transmission line simulation options 

(e.g., selecting between different macromodels for multiconductor transmission line 
simulation such as RLINE, OMRA, and SYNTH). Frequency-dependent model options 
153 such as the F2dR(f)2dL(f)3dC and F2dR(f)3dL(f)3DC models combine 2D and 3D 
results in a single transmission line model to improve 2D accuracy without compromising 
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the CAD tool runtime. Optionally, wire model netlists can be provided for integration 
into a verification flow. Figures 6A - B show GUI screenshots 154, 156 examples of bus 
per-unit-length resistance and inductance frequency dependencies, respectively, over 5 
orders of magnitude, i.e., IMHz to lOOGHz. 

5 [0027] Finally, Figure 7 shows an example of a GUI screenshot 160 of a circuit simulator 

output, e.g., 122 in Figure 1, showing the results of electromagnetic coupling from 
neighboring active nets into a quiet net. In this example, output voltage waveforms 162, 
164 compare two different interconnect models. As this example shows, the frequency- 
independent model 162 overestimates peak noise. 

[0028] Advantageously, the present invention provides a user-friendly, reliable 
computing environment that facilitates characterizing and optimizing interconnect 
structures, especially on-chip BEOL wiring structures. Technologists and designers are 
graphically interfaced to a frill BEOL stack description for modeling and analyzing on- 
chip wiring structures. This frill BEOL stack description may be embodied in a data file 
that can be created, shared, viewed, and edited through a GUI by any tool user. Further, 
since each data file is common to a particular technology definition, designers can 
evaluate circuit performance in planned semiconductor technologies as the technologies 
are being defined. 

[0029] In addition, the present invention improves evaluating, modeling, designing, and 
20 verifying electrical circuit interconnects for a broad range of applications, especially for 
microprocessors, application specific integrated circuits (ASICs), radio frequency 
circuits, and semiconductor memories. Further the present invention does not require a 
domain expert to generate electrical circuit interconnects models. So, designers can 
evaluate electrical circuit interconnects over a very wide band of operating frequencies. 
25 Correspondingly, technologists can graphically evaluate how process options and 

parameter changes affect circuit electrical parameters. Process data may be formatted to 
allow semiconductor process engineers to accurately access IC interconnect structure 

YOR920030315US1 



10 



15 



9 



performance parameters, such as wire delay, slew, and crosstalk. Thus, semiconductor 
process engineers can tune the semiconductor process parameters to meet specific 
electrical performance criteria. As a result, circuit interconnects models are consistent 
and accurate over whole regions of interconnect parameter space. Circuit netlists can be 
generated for simulation based on an equivalent synthesized circuit representation of the 
frequency-dependent behavior. The netlists may be parameterized netlists in a format 
suitable for other CAD tools. Thus, the present invention provides a single tool wdth 
three technology facets seamlessly integrated into a graphical interface. The single tool 
includes electrical v/iring structure parameter extraction with three-dimensional full wave 
electromagnetic analysis, nonlinear circuit simulation, and on-chip transmission line 
modeling. 

[0030] While the invention has been described in terms of preferred embodiments, those 
skilled in the art will recognize that the invention can be practiced with modification 
within the spirit and scope of the appended claims. 
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